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Introduction
Moyamoya Disease (MMD) is characterized by a bilateral progressive stenosis of the Circle of Willis with fine collateral networks resembling a puff of smoke, giving the disease its name. 1 The most common initial symptoms are transient ischemic attacks (TIAs) and ischemic or hemorrhagic strokes caused by an insufficient cerebral perfusion. To prevent recurrence of such events, microsurgical revascularization is indicated in many patients. [2] [3] [4] Before indicating a surgical revascularization, identification of cerebral vascular territories with insufficient perfusion is crucial to ensure a successful tailored treatment for each patient.
This, however cannot be achieved with routine MRI and digital subtraction angiography (DSA) alone, but hemodynamic modalities like H 2 15 O positron emission tomography (PET) or Single Photon Emission Computed Tomography (SPECT) with acetazolamide (ACZ) challenge, among others, remain indispensible. [5] [6] [7] [8] Main disadvantages of H 2 15 O PET with ACZ challenge include high costs and limited availability. Although the radiation exposure due to injection of H 2 15 O is very low (especially with modern scanners) and side-effects due to ACZ are very rare and usually transient, this may be of concern in special patients (e.g., in pediatric patients). Throughout the last decades new approaches have been pursued to overcome some of these drawbacks. More advanced imaging attempts used MR-based arterial spin labeling (ASL), CO 2 -triggered blood-oxygen-level-dependent (BOLD) and even restingstate functional MRI techniques, which could be used without any intravenous contrast agent injections. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] A contemporary consensus statement of different imaging methods for diagnosis and evaluation of cerebrovascular disease was recently published by Donahue et al.. 22 Of these, CO 2 -triggered BOLD MRI seems to be one of the most promising tools for evaluation of cerebral hemodynamics. This technique uses the physiological vasodilatory effect of CO 2 to alter the amount of deoxy-hemoglobin in venules by blood flow increase due to arteriole smooth-muscle-cell relaxation with constant cerebral metabolic rate of oxygen,
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5 which can be measured with BOLD MRI. Therefore, the change between baseline BOLD signal can be compared to the signal after CO 2 -triggered vasodilation, resulting in a signal change which is most commonly called the cerebrovascular reactivity (CVR). 9, 16 Triggers for the changes of CO 2 concentrations can either be exogenous with breathing masks delivering different concentrations of gas, or endogenous by breathing pauses -commonly called breathhold. 18 In the present retrospective study, we thus pursued a systematic comparison of the cerebral perfusion reserve (CPR), measured with H 2 15 O PET/CT with ACZ challenge, and CO 2 -triggered BOLD MRI for assessment of CVR in patients with MMD. To this end, we compared not only standardized, color-encoded CPR and CVR maps gained by both modalities (as done in clinical routine) but also contemplated the correlation between approximated regional perfusion changes across vascular territories.
Material and methods
A retrospective analysis of consecutive adult patients at our Moyamoya Center was performed. Main inclusion criteria were angiographically proven Moyamoya angiopathy, the availability of H 2 15 O PET/CT with ACZ challenge and a CO 2 -triggered BOLD MRI with a chronological proximity of both examinations of less than 6 months with no surgical intervention in-between. Pre-and postoperative examinations were included, the analysis was performed combined and in sub-groups. If indicated, the surgical intervention was performed by a direct STA-MCA and/or direct or indirect STA-ACA (EDAS -encephala-duro-arteriosynangiosis or EGPS -encephalo-galea-periost-synagiosis) bypass. Ethical approval was obtained at the University of Tübingen Ethics Committee. General patient data were obtained from the patients' clinical files, any imaging data was stored and analyzed in the hospital's PACS system.
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MR data acquisition
All MR images were acquired on a 3T MR Scanner (Magnetom Skyra, Siemens, Erlangen, Germany) using a 20-channel head coil during a routine clinical MRI scan. The dynamic data was measured by means of a whole brain 2D T2*-weighted echo-planar sequence scanned parallel to the anterior-posterior commissure. (TR=3000ms, TE=36ms, matrix 96x96, 3mm slice thickness, 34 slices in interleaved ascending order, FOV=245mm, resolution 2.6x2.6x3.0, TA 6:53, 135 measurements). The protocol consisted of 60 seconds of normal breathing (20 measurements) followed by 5 repetitive cycles of 9 seconds breath-hold in expiration (3 measurements) and 60 seconds of regular breathing (20 measurements) (see also Figure 1 ). The patient breathing instructions were presented visually via a wall-mounted display and a mirror fixed to the head coil. Presentation V20.1 (Neurobehavioral Systems, Berkeley, CA, USA) was used to present scanner triggered stimuli.
MR data processing
Preprocessing of the resulting 135 functional datasets was performed in SPM12 (The Wellcome Dept. of Imaging Neuroscience, London; www.fil.ion.ucl.ac.uk/spm). After conversion of DICOM images to nifti format, slice timing correction was used to equalize time of image acquisition. Images were then realigned so that patient head movements were compensated. As the last step the datasets were spatially normalized to a standard MNI (Montreal Neuroimaging Institute) space and smoothed by a 12mm full with half maximum filter.
MR map and curve calculation
The data was further analyzed by a script programmed in MATLAB R2017b (The MathWorks, Inc., Natick, Massachusetts; http://www.mathworks.com).
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The ATT (arterial transit time) 23 All included breath-hold cycles were averaged. With the resulting respective 23 fMRI datasets a VOI-mean was calculated, which was then used to set the beginning and end points of the breath-hold related signal increase. As the time of onset of the breath-hold related flow response varied in patients (different physiological characteristics, chronologic variation in collaboration of starting to hold the breath), the reference VOI (cerebellum) was used to manually set the start and end timepoint of the flow response.
For each voxel (volume element) in the 3D dataset, the signal curve was de-trended to remove linear signal changes over time. The relative signal change was then computed by dividing the signal at each point in the curve by the curve mean to account for differences in initial signal intensity of the epi imaging sequence. This time-course of signal intensity was then displayed as signal change for each vascular territory ( Figure 1C ).
After up-sampling the data, the integral of the curve between the start and end point was calculated for each voxel resulting in a 3D integral map which was then displayed as an overlay on a normalized standard brain ( Figure 1D) .
H 2 15 O PET/CT with ACZ challenge
PET scans were acquired either on a Philips Gemini TF64 PET/CT (n = 14; until 12/2017) or a Philips Vereos digital PET/CT system (n = 6; from 01/2018 onward; Philips, The Netherlands). We did not pursue absolute quantification of regional cerebral blood flow (CBF; in terms of ml/min/100 g brain tissue) by continuous arterial blood sampling and kinetic modeling. Instead we used a simplified method to estimate cerebral perfusion reserve (CPR) as proposed by Arigoni et al. 24 After a low-dose CT for attenuation correction, four 4- For simplified voxel-wise calculation of CPR maps, all scans of each subject were corrected for motion and integrated over 60 s (Vereos) or 70 s (Gemini) after arrival of the tracer in the individual patient's brain. 24 The start time of integration was determined by analyzing the time-activity curve with a whole brain region of interest (ROI; 35% of maximum isodensity contour) covering a 5-cm slab at the level of the basal ganglia. Voxel-wise estimate of CPR (CPR map) were calculated using the SISCOM methodology. 25 In brief, the two integral scans before and after ACZ were averaged and then masked using a threshold of 25% of the image maximum (whole-brain segmentation). Voxel-wise signal change (in percent) from baseline status to the status after ACZ administration was calculated and the resulting parametric map was smoothed (Gaussian filter, 12 mm FWHM) and masked again (see above), yielding the desired CPR map. For visual reads, the average integrated scans before and after ACZ and the CPR map were co-registered to the patients' MRI and displayed in a standardized fashion (typically 32 transaxial planes covering the entire brain; average integrated scans were displayed using an identically thresholded "rainbow" color-scale, while a "cold" color-scale was used for CVR maps). Finally, for ROI analysis of vascular territories, aforementioned images were normalized to the MNI-152 PET template and a ROI set comprising bilateral ACA, MCA and PCA territories (ATT based flow territories, Tatu et al. 26 ) was applied. Since this ROI template lacks ROIs for bilateral striatum, thalamus and cerebellum, these ROIs were generated from the adult brain maximum probability map 'Hammersmith atlas n30rb83'
(Hammers et al. 27 for striatum and thalamus) and the SUIT atlas (Diedrichsen 28 for cerebellum). Accurate ROI alignment was verified by visual inspection in all cases. The cerebral artery as well as cerebellar) was graded separately for each hemisphere. The visual grading was based on four grades according to each territory's reserve/reactivity: 1) normal 2) mild decrease in cerebrovascular reserve/reactivity 3) strong decrease in cerebrovascular reserve/reactivity 4) no or negative cerebrovascular reserve/reactivity compared to normal.
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The interrater-reliability was calculated. Evaluation of any territory with differing results between both raters, was decided in consensus with a third rater.
For the semi-quantitative comparison of perfusion changes, the approximated relative regional perfusion change (percentage change between baseline and ACZ or CO 2 trigger) was assessed by both modalities for each supratentorial vascular territory (separated by site) as well as the cerebellum. Furthermore, approximated relative regional perfusion changes were normalized
to the cerebellar perfusion change for optimal comparability of both modalities. This was done to remove systematic individual (e.g., day-to-day variations) and methodological (e.g., different magnitude of vasodilatatory stimulation) variations, which should affect supratentorial target regions and the reference regions to a similar extent and, thus, cancel out.
Additionally, we have separated the analysis in two patient groups, namely pre-and postoperative (after surgical revascularization) examinations. This is based on the fact, that the validity of CO 2 BOLD imaging should be proven for both cohorts separately.
Statistical analysis
Data was analyzed with Graph Pad Prism (v7.04, GraphPad Software Inc., La Jolla, CA, USA). Categorical data were presented as frequencies, inter-rater agreement was calculated using Cohen's kappa statistics with weighted analysis. Correlation of data was calculated with
Pearson's and Spearman's correlation coefficient (r and rho, respectively) for parametric and non-parametric samples, respectively. The two-tailed p-value was accepted to be significant at p<0.05.
Results
Twenty consecutive MMD patients fulfilled the inclusion criteria. General clinical data can be found in Table 1 . The total number of vascular territories analyzed was 160. If patients had a surgical revascularization, the postoperative imaging took place at least one year after the surgery. CO 2 triggered BOLD MRI was accurately performed in all patients, as supported by the visual analysis of the cerebellar BOLD signal curves. H 2 15 O PET with ACZ challenge showed adequate response of ACZ in all patients (average cerebellar CPR 34 ± 11%).
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Correlation analysis of visual inspection of anatomical color maps
Cohen's Kappa (weighted) for the interrater-agreement between both raters was 0. territories, all these differed by only one grade. The correlation was comparably good for groups separated to pre-(rho=0.90, p<0.001) and postoperative (rho=0.91, p<0.001) cohorts. Table 2A shows the distribution of affected vascular territories for both modalities according to the visual analysis. We have also analyzed all territories in which the results of CO 2 BOLD MRI and PET differed. The results can be found in Table 2B . In summary, we did not see a systematic difference in terms of over-or underestimation of any of both technologies in comparison to the other.
Correlation analysis of approximated regional perfusion changes
The analysis of absolute values of signal change in the respective territories did not show a very high correlation due to the diversity of signal-source in image acquisition by BOLD MRI and PET. There was a weak, albeit significant correlation between approximated regional perfusion/reactivity changes yielded by both modalities across the territories in all patients (r = 0.35, p = 0.001; Figure 2A ).
Correlation analysis of approximated regional perfusion/reactivity changes normalized to cerebellum
For semi-quantifiable correlation of BOLD MRI (cererbrovascular reactivity) and PET (cererbral perfusion reserve) data were normalized to the cerebellum. The analysis of all 120 supratentorial vascular territories revealed a strong, highly significant correlation between 
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Discussion
CO 2 -triggered BOLD MRI has developed significantly since its first descriptions and has the potential to become a routine tool for the evaluation of the cerebrovascular reactivity in the future. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 29 The studies performed to date have focused on the image-acquisition techniques and their optimization as well as aim at critically comparing it with other imaging modalities.
In MMD where the patients vary in severity of angiopathy and collateral formation, the evaluation of cerebral reserve capacity is not possible with angiography and MRI alone 7 , hence necessitating additional hemodynamic imaging such as H 2 15 O PET with ACZ challenge. Less expensive, without the need of an intravenous injection, more widely available and easy to implement BOLD MRI may be able to substitute these in the future.
In the present study we demonstrate a highly significant, good to excellent correlation between regional assessments of CPR by H215O PET/CT with ACZ challenge and CVR assessment with breath-hold BOLD MRI in MMD patients based on visual ratings (rho = 0.9; no systematic difference) and normalized regional analyses (r = 0.71).
Selection of stimulus for CO 2 -changes in the BOLD-based measurement of cerebrovascular reserve
We used the breath-hold technique to trigger hypercapnia, which results in cerebral computer-controlled gas delivery system for repeatable vasoactive stimuli. 18 Of note, the possible inter-individual variation and the difference between both stimuli (breath-hold and ACZ) also motivated us to contemplate normalized regional CVR estimates.
We agree that a controlled gas delivery system would eliminate the need for patient cooperation thus might lead to more reliable results also in patients with limited compliance.
However, patients with such limited compliance might also not be able to remain without relevant head movement for the time of scanning without sedation and might therefore be generally inappropriate for this examination. A recent study proved that also children with a mean age of 12 years were able to collaborate in repeated breath-hold MR examination with good correlation.
30
Computer-controlled gas delivery devices are not widely available and need patient monitoring during CO 2 administration. Also, the baseline EtCO 2 might be manipulated by
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closed rebreathing systems, which might also bias the results of such examinations. FMRI using breath-hold as a vasodilatory trigger can be performed at nearly every hospital since most (all) modern scanners are able to acquire 2D epi images and patient instructions can be presented visually or via spoken instructions through the headphones.
To overcome above-mentioned disadvantages of a gas-delivery system and if the evaluation of the CVR of an individual patient is the goal, the breath-hold technique as used here seems However, if the answer of specific physiologic questions or absolute comparability between individuals are the goal of an examination or study, a replicable and controllable stimulus fitted to each individual patient should be used with any additional efforts needed. For such efforts, a computer-controlled gas delivery system might be the better choice.
Risk of wrong estimation of the cerebrovascular reactivity
Visual analysis of color-coded maps of regional cerebrovascular reserve/-reactivity is the most commonly used way to interpret results for the respective territories. In our analysis we did not have a single patient/vascular territory with an entirely discrepant visual estimation of the CVR in comparison to the CPR in PET. If divergent, both modalities did not differ more than one grade of our four-step visual evaluation system.
Further, a special finding of BOLD MRI needs to be mentioned: Negative quotients for vasoreactivity were seen in 4 vascular territories in BOLD MRI. These territories were also ACCEPTED MANUSCRIPT
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16 severely affected with a significantly decreased perfusion reserve in PET (quotient normalized to the cerebellum below 0.5, which was only be seen in very few territories (see Figure 2) ), (2) Tables   Table 1: General patient data 
